Aim. To study the dynamics of lipophilic content release from nanocarriers of different types
Introduction. Nano-drugs (NDs) are the important products of rapidly developing nanotechnologies in biology and medicine field [1] [2] [3] [4] . NDs are composed of a nano-scale matrix (carriers, platform) and therapeutic or any other active compounds (diagnostics or imaging agents) encapsulated in a carrier or adsorbed on its surface [2, 4, 5] . A nanocarrier serves as a delivery system providing targeted drug delivery (passive and active targeting) to the pathological area and their controlled release that increases drastically the efficiency of therapy [1] [2] [3] [4] [5] . Such nanomaterials have unique physicochemical properties, such as ultra small size, large surface area to mass ratio, and high reactivity, which can be used to overcome some of the limitations found in traditional therapeutic and diagnostic agents [6] . Today, a variety of nanocarriers such as polymeric micelles, liposomal vesicles, dendrimeres, inorganic nanoparticles, etc. have been attempted as drug-delivery systems for treatment of cancer, some infectious, inherited and incurable diseases [1] [2] [3] [4] [5] [6] .
Recently we have reported the method of GdYVO 4 :Eu 3+ nanoparticles (NPs) synthesis with controlled size and shape [7] . NPs can be obtained as aqueous colloidal solutions which are transparent in incident light and brightly luminescent under the laser excitation with an appropriate wavelength. It was also found that cationic dye molecules interact with negatively charged NPs that causes neutralization of NPs surface charge and provokes the formation of hybrid dye/NPs complexes [8, 9] . Using microspectroscopic technique, we found that spherical GdYVO 4 :Eu 3+ NPs with the average diameter of 2 nm accumulate in rat hepatocytes nuclei in situ and in isolated nuclei of the cells and exhibit tropism to nuclear structural components [10] . Our findings are very promising for biomedical applications of orthovanadate NPs as a nano-scale platform for new anti-cancer NDs.
In spite of amazing promises of NDs, many challenges remain in their clinical applications. One of the obstacles is a requirement of a better understanding of the interactions of nanomaterials with biological systems, which will facilitate the engineering of their properties specific to biomedical applications.
Another important aspect in the NDs development is controlling the rate of active compound release from the carrier [11] .
In the present paper, we report in vitro study of the dyes/GdYVO 4 :Eu 3+ NPs complexes interaction with model membranes and living cells (rat hepatocytes) and the dye release kinetics using fluorescent spectroscopy and microspectroscopic techniques. For comparison, we used other inorganic NPs (CeO 2 NPs) and organic ones (liposome vesicles, surfactant micelles). The dyes used mimic hydrophobic drug molecules. To study the dye release in dynamics, we used a pair of dyes, so-called FRET-pair (Forster Resonance Energy Transfer [12] ), DiO and DiI dye molecules, encapsulated in or adsorbed on nanocarriers and a l-ratiometry method of fluorescence detection based on fluorescence recording at two wavelengths [13] [14] [15] .
Materials and methods. Chemicals. Fluorescent hydrophobic dyes 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO), 1,1'-dioctadecyl-3,3,3',3'-tetrame thylindocarbocyanine perchlorate (DiI) (Fig. 1 ), L-aphosphatidylcholine (PC) from egg yolk and sodium dodecylsulfate (SDS) were purchased from «Sigma-Aldrich» (USA) and used without purification. Chloroform («Sigma-Aldrich») used to prepare lipid and dye stock solutions was a spectroscopic grade product. DMSO («Sigma-Aldrich») was also of spectroscopic grade. To prepare aqueous solutions of the dyes with nanocarriers, double distilled water was used.
NPs synthesis. The aqueous colloidal solutions of GdYVO 4 :Eu 3+ and CeO 2 were synthesized according to the method reported earlier [7, 9] . NPs were characterized using Transmission Electron Microscopy (TEM-125K electron microscope, «Selmi», Ukraine). Zeta potentials were measured using a ZetaPALS/BI-MAS analyzer («Brookhaven Instruments Corp.», USA) operated in phase analysis light scattering mode. In the present work the spherical GdYVO 4 :Eu 3+ (d = 2 nm; z potential -20.94 ± 1.27 mV) and CeO 2 (d = 2 nm; z potential -24 ± 1.07 mV) NPs were used.
Preparation of SDS micelles with DiO and DiI dyes. The concentration of the surfactant in the solutions was 1 ×10 -2 M. The concentration of the dyes in the water-micelles solutions was 2 × 10 -5 M. First, stock solution of each dye in chloroform of 1 × 10 -3 M concentration was prepared. To prepare the solutions for measurements, 3 mg of SDS were mixed in a flask with the required amount of the dye stock solution. After chloroform evaporation the required amount of double distilled water was added. The solutions were heated to 80 o C to ensure the uniform distribution of the components and then cooled to room temperature.
Preparation of lipid vesicles with DiO and DiI dyes. Unilamellar PC lipid vesicles containing DiO and DiI dyes were prepared by the extrusion method [16] . Appropriate amount of PC (40 mg/ml) and dyes (10 -3 M) stock solutions in chloroform was mixed in a flask and dried until complete chloroform evaporation. The thin lipiddyes film was then hydrated with 2 ml of double distilled water. Final concentration of PC was 1×10 -3 M. The obtained lipid-dyes suspension was finally extruded through 100 nm pore size polycarbonate filter using a mini-extruder («Avanti Polar Lipids, Inc.», USA). The concentration of each dye in liposomal suspension was 2 ×10 -5 M. If PC liposomes contain SDS, 10 % of SDS (with respect to PC weight) were added at the stage of lipiddyes film formation.
Preparation of dyes/NPs complexes. Water colloidal solutions of GdYVO 4 :Eu 3+ or CeO 2 (0.5 g/l) NPs and DiO and DiI dyes (3 ×10 -3 M) stock solutions in isopropyl were mixed in a flask. The mixture was carefully stirred using a rotary evaporator (Rotavapor R-3, «Buchi», Switzerland) during 1 h to complete evaporation of isopropyl. The final concentration of each dye was 2 × 10 -5 M. If the complexes contain cholesterol, its solution in isopropyl (0.1 M) was added at the stage of mixture preparation.
Cell labeling procedure. Isolated rat hepatocytes from male Wistar rats were obtained by the method des- cribed by Wang after dissociation of the liver with 2 mM EDTA [17] . Cell viability was assessed via the trypan blue exclusion test. The cell viability 95 % and yield of 1.5 × 10 7 cells g -1 are in good agreement with those previously described [17] . The cell pellets (50 ml 10 7 cells/ ml) were incubated with suspension of dye-loaded liposomes or dyes/NPs complexes (50 ml) in 1 ml of Eagle's medium with 10 % fetal calf serum at 37°C for required time intervals. Afterwards the non-bound liposomes or NPs were removed by centrifugation at 500 g and washing-out by adding HBSS (HEPES buffered saline solution) buffer (pH 7.4) with 0.1 % BSA.
Cell imaging, spectroscopy and microspectroscopy. Fluorescence spectra of the solutions were taken with a spectrofluorimeter Lumina («Thermo Scientific», USA). Cell visualization was carried out using fluorescent microscope Olympus IX 71 supplied with a digital camera Olympus C-5060 with the magnification of´1000 in the conditions of oil immersion. Fluorescence was excited by a xenon lamp 75 W using BP 460-490 and BP 510-550 nm filters to excite DiO and DiI, respectively. To study FRET, BP 460-490 filter was used. Microspectroscopy in the area of interest was carried out using spectral detector USB 4000 (Ocean Optics) connected with Olympus IX71.
Results and discussion. Nanocarriers interaction with model cell membranes. Several research groups, including ours, use the FRET based methods to in vivo and in vitro study on the release of lipophilic agents from polymeric micelles [18, 19] , kinetic and dynamic stability of polymeric micelles [20] , liposomal vesicles interaction with cells of different types in dynamics [15] . A FRET pair, DiO as the energy donor and DiI as the energy acceptor, was used for these purposes. When both FRET molecules were encapsulated in one nanocarrier (liposome, micelle, nanoparticle), and excited at the appropriate wavelength, the energy transfer occurred due to the close proximity between the dyes: excitation at 460 nm (donor excitation) resulted in a very strong emission at 565 nm (acceptor emission), Fig. 2 , curve 1. When nanocarriers are broken down for any reason (for instance, in case of organic solvent DMF addition), the donor and acceptor molecules are released and diffuse apart, eliminating the energy transfer [12, 14, 15] . In such a case, a redistribution of the donor (l max = 501 nm) and acceptor (l max = 565 nm) peaks was observed (Fig. 2, curves 2, 3) . The l-ratiometry method is based on the analysis of the FRET ratio I DiI /(I DiO + I DiI ) where I DiI and I DiO are the fluorescence intensities measured at DiI and DiO maxima, respectively [13] .
At the first stage of our research, we studied the kinetics of lipophilic dyes release under the nanocarriers interaction with the model cell membranes. A concentrated suspension of PC liposomes (1 ×10 -2 M), which do not contain dye molecules, was used as a model system of cell membranes [21] . Colloidal solutions of nanocarriers (PC liposomes, SDS micelles, GdYVO 4 :Eu 3+ or CeO 2 NPs) containing FRET-dyes were mixed with the concentrated suspension of liposomes (1:1 ratio) and kept at room temperature during the desired time intervals (from 30 min up to 170 h). Schematic representation of the experiment is presented on Fig. 3 . A decrease of FRET ratio was observed over time for all nanocarries under study, but with different efficiency (Fig. 4) . At the same time, in the solutions of nanocarries diluted at the ratio 1:1 with double distilled water without lipids we did not observe any redistribution in time of the donor and acceptor fluorescence. These results indicate the nanocarriers interaction with the lipid bilayers of model membranes and lipophilic dyes release as well as dilution in lipid phase that leads to an increase in the donor-acceptor distance and, consequently, the FRET ratio decrease (Fig. 4) .
The SDS micelles exhibit high stability in liposomal suspension. The FRET ratio I DiI /(I DiO + I DiI ) changed very slowly (Fig. 4, curve 1) . Curve 1 reached a plateau only after 120 h. Meanwhile, the FRET ratio chan- The process of redistribution of the dyes between nanocarriers and the lipid phase can be described by firstorder reaction kinetics in the following form [20, 22] : 
where K -is the release rate constant (the dye leakage coefficient). First-order reaction kinetics can be assumed when the reaction rate depends on the concentration of only one reactor, in our case, on the lipid phase concentration. A nonlinear fit (eq. 1) of the FRET ratio changes was generated by the method of last-squares and allows K = 0.008 h -1 to be obtained (Table 1 ). For first-order reactions one can also use the dye release half-life (in our case, time for the initial FRET ratio to be reduced by 1/2), which can be obtained as [20] :
For SDS micelles, the dye release half-life was estimated to be 86 h that is rather large value indicating a low efficiency of the dye molecules release from SDS micelles. We suggest that this fact can be explained by the key role of electrostatic interactions, which hold cationic dyes in oppositely charged micelles and prevent their release into the lipid bilayers of the model cell membranes.
For other nanocarriers under study the dye release process was much faster ( Table 1 ). The FRET ratio changed within about 5 h and then all the curves reached a plateau (Fig. 4) . For PC liposome nanocarriers the dye leakage coefficient was obtained to be 0.82 h -1 , while t 1/2 is 0.85 h (Fig. 4, curve 3, Table 1 ). To test a role of electrostatic interactions, we added 10 % of SDS in the lipid bilayers of liposomal containers that provided a negative charge of liposome without changing its properties. As seen in Table 1 , t 1/2 , becomes about three times higher that confirms the role of electrostatic interactions in the dye-to-nanocarrier binding. In case of GdYVO 4 :Eu 3+ and CeO 2 NPs, a very fast release of dyes from the dyes/NP complexes and their transition into the lipid phase were observed (Fig. 4,  curves 4, 6) . The K values are large, whereas the dye release half-lives are less than 30 min (Table 1) . Such effects could be explained by the appearance of lipophilic gradient and fast transition of lipophilic dyes DiO and DiI into the lipophilic environment. If nanocarriers contain encapsulated cholesterol, the process of dye release slowed down by almost in three times by reducing the lipophilic gradient in such a solution (Table 1) .
Nanocarriers interaction with living cells in vitro.To test nanocarriers in the experiments with living cells, freshly isolated rat hepatocytes were used. Fig. 5, A, shows the fluorescent images of rat hepatocytes obtained at different time intervals of cell incubation with the dyes/CeO 2 complexes. A gradual increase in cell brightness over time was observed that points to the dyes accumulation in a cell membrane. At the same time, we observed a decrease in the FRET ratio, I DiI /(I DiO + + I DiI ), over time (Fig. 6, curve 3 ) from 0.7 to 0.2 that points to an increase of the distance between the donor and acceptor molecules due to their diffusion in the lipid bilayers of cell membranes. Similarly to the model cell membranes, the process of the donor and acceptor fluorescence redistribution took about five hours and then curve 3 reached the plateau (Fig. 6) . The dye release kinetic parameters are K = 3.1 h -1 and t 1/2 = 0.22 h that agrees well with those obtained for the model cell membranes ( Table 2) .
Features of the GdYVO 4 :Eu 3+ nanocarriers interaction with the living cells differs from that for the CeO 2 nanocarriers. As shown in Fig. 5, b, 3+ complexes, the FRET ratios changed not sufficiently (from 0.7 to 0.5) and the yellow spots were still observed. The dye release half-life was almost six times higher than in case of the CeO 2 nanocarriers (Table 2 ) and the obtained kinetic parameters K and t 1/2 also differed from those obtained in the model cell membranes (Table 1) . We can ascribe these facts to the specificity of the GdYVO 4 :Eu 3+ NPs interaction with living cells. As it was mentioned above, spherical GdYVO 4 :Eu 3+ NPs (d = 2 nm) exhibit the penetration into cells and accumulation in cell organelles [10] . We suppose the yellow spots to be the dyes/GdYVO 4 :Eu 3+ complexes accumulated either on a cell membrane surface or inside the cells similarly to the dyes accumulation in the cells endocytosis vesicles after their internalization revealed by Chen and co-workers [18, 19] .
For comparison, the kinetic parameters of dye-loaded PC liposomes interaction with rat hepatocytes were also analyzed. The fluorescent images of cells taken in different time periods show a gradual increase in cell brightness over time, no spots on the cell membranes were observed that points to the effective dye release from the liposomes (Fig. 5, c) . The FRET ratio changed and the kinetic parameters K and t 1/2 were similar to those obtained for the model cell membranes (Fig. 6 , c, Table 2 ).
Controlled release of drugs and other bioactive agents is a key point in drug formulation pharmacokinetic study and attract many researches [11, 21, 23] . Controlled drug delivery applications include both a one-time or sustained targeted delivery [21] [22] [23] [24] . Controlled-release systems are designed to enhance drug therapy due to reducing the amount of drug necessary to cause the same therapeutic effect in patient. Over the years of controlled release research, different systems have been explored to get predesigned release profile [11, [21] [22] [23] [24] . In certain drug administration strategies, a fast release of drug immediately upon placement in the release medium is required [11] . We have shown that NPs as a platform for drug delivering can provide fast lipophilic content release from the nanocarrier, Table 1 . However, specificity of GdYVO 4 :Eu 3+ NPs interaction with rat hepatocytes affect the kinetics of this process increasing the value (Table 2) . Meanwhile, the rate of lipophilic content release can be controlled by decreasing lipophilic gradient and providing Coulombic interactions between the nanocarrier and the encapsulated substance.
Conclusions. The FRET-based method was used to study the nanocarriers interaction with the model cell membranes and living cells in dynamic experiments in vitro. The dye release constants (K) and half-lives (t 1/2 ) were analyzed for different nanocarriers (SDS micelles, PC liposomes, GdYVO 4 :Eu 3+ and CeO 2 NPs). GdYVO 4 :Eu
3+
and CeO 2 NPs were shown to provide a faster lipophilic dyes release in the model cell membranes as compared to PC liposomes, the dye release half-life t 1/2 is less than 30 min, that can be explained by the appearance of a lipophilic gradient. The negatively charged or lipophilic compounds can decrease the rate of lipophilic agents release from nanocarriers i. e. allow this process to be controlled. Our experiments confirm the specificity of the GdYVO 4 :Eu 3+ NPs interaction with living cells. We suppose the intracellular uptake of the dyes/GdYVO 4 :Eu 3+ NPs complex with a slower dye release, whereas for the dyes/CeO 2 complex the dye release pattern is similar to that in case of the model cell membranes. 
